Bladder cancer is often associated with recurrence and progression to invasive metastatic disease that have palliative therapeutic options. The use of traditional chemotherapeutic agents for bladder cancer management often suffers from toxicity and resistance concerns. This emphasizes the need for development of safer, natural, nontoxic compounds as chemotherapeutic/chemopreventive agents. Curcumin (diferuloylmethane) is a natural compound that has been known to possess anticancer properties in various cancers, including bladder cancer. However, the biological targets of curcumin are not well defined. Recently, it has been proposed that curcumin may mediate epigenetic modulation of expression of microRNAs (miRNA). In this article, we define for the first time, that curcumin directly induces a tumorsuppressive miRNA, miR-203, in bladder cancer. miR-203 is frequently downregulated in bladder cancer due to DNA hypermethylation of its promoter. We studied the functional significance of miR-203 in bladder cancer cell lines and found that miR-203 has tumor suppressive properties. Also, we define Akt2 and Src as novel miR-203 targets in bladder cancer. Curcumin induces hypomethylation of the miR-203 promoter and subsequent upregulation of miR-203 expression. This leads to downregulation of miR-203 target genes Akt2 and Src that culminates in decreased proliferation and increased apoptosis of bladder cancer cells. This is the first report that shows a direct effect of curcumin on inducing epigenetic changes at a miRNA promoter with direct biological consequences. Our study suggests that curcumin may offer a therapeutic advantage in the clinical management of refractory bladder cancer over other standard treatment modalities. Cancer Prev Res; 4(10); 1698-709. Ó2011 AACR.
Introduction
Bladder cancer is a common malignancy affecting the genitourinary system that is associated with high mortality (1) . The majority of tumors are urothelial cell carcinoma (UCC), and of these, 75% cases present with nonmuscle invasive disease and approximately 20% to 30% present with muscle invasive disease. Though the nonmuscle invasive disease has good prognosis, these cases are associated with high recurrence and progression to muscle invasive disease (2) which is often associated with metastases and poor survival (3) . Although transurethral resection of bladder tumor is effective therapy, up to 45% of patients will have a recurrence within 1 year and there is risk of tumor progression to muscle invasive and/or metastatic cancer (4) . This has led to the use of adjuvant therapy with intravesical agents which prevents recurrence but not tumor progression (4) . Also, these chemotherapeutic regimens are often intolerable due to strong systemic toxicity and local irritation. Hence, there is an urgent need to develop better therapeutic interventions for this disease.
It is now being increasingly recognized that dietary factors possess chemopreventive and therapeutic potential in various malignancies, including bladder cancer. These factors have the advantage of being relatively nontoxic. Curcumin (diferuloylmethane), a natural compound present in turmeric, has been recognized as a promising anticancer drug and is being developed as a chemopreventive agent in various cancers (5) (6) (7) (8) (9) (10) (11) (12) . In vitro and in vivo preclinical studies have shown that curcumin has antioxidant, antiinflammatory, antiproliferative, and proapoptotic activities. In bladder cancer, recent studies have shown that curcumin could prove an effective chemopreventive and chemotherapeutic agent (13) . However, the molecular basis of the effects of curcumin is still not completely understood.
Curcumin targets diverse molecules associated with numerous biochemical and molecular cascades via direct molecular interactions and/or epigenetic modulation of gene expression (14) . The molecular targets of curcumin include transcriptional factors, growth factors and their receptors, genes regulating cell proliferation, and apoptosis (12, 15, 16) . Also, it is being recognized that curcumin is an epigenetic agent (14) and epigenetic modulation by curcumin might play a major role in cancer treatment. Curcumin inhibits DNA methyltransferase I (DNMT1) and induces global genomic DNA hypomethylation (17) , modulates histone acetyltransferases (HAT) and histone deacetylases (HDAC). Also, it has been proposed that epigenetic modulation of microRNAs (miRNA) expression by curcumin may be an important mechanism underlying its biological effects (14, 18) . miRNAs are small, noncoding RNAs that suppress gene expression posttranscriptionally via sequence-specific interactions with the 3 0 -untranslated regions (UTR) of cognate mRNA targets (19) and control various key cellular processes such as proliferation, apoptosis, differentiation, and development (20) . Alterations of miRNA expression have been described in various human cancers and can arise from either genetic or epigenetic changes (21) . A significant proportion of miRNA genes (20%-40%) are located close to CpG islands and it has been shown that miRNAs are inactivated by epigenetic mechanisms (22) . Thus, epigenetic drugs can cause their reexpression leading to downregulation of target oncogenes. Also, it has been proposed and supported by a few studies that dietary factors can modulate miRNA expression (18) . However, this is an area that is largely underexplored and warrants further investigation.
In this study, we explored the potential modulation of miRNA by curcumin in bladder cancer and identified that miR-203 expression is upregulated by curcumin. We also define a tumor suppressor role for miR-203 in bladder cancer in this study. It was observed that miR-203 is frequently downregulated in bladder cancer. We found that the miR-203 promoter is hypermethylated in bladder cancer cell lines and identified Src kinase and Akt2 as novel targets of miR-203 in bladder cancer. Restoration of miR-203 expression in bladder cancer cell lines inhibited proliferation, migration, invasion and induced cell-cycle arrest, and apoptosis. We also carried out phenocopy experiments using siRNA to validate Src and Akt2 as miR-203 targets in bladder cancer. Importantly, curcumin attenuated the methylation of miR-203 promoter concomitant with an increase in expression of miR-203 target genes Akt2 and Src. Further, curcumin treatment of bladder cancer cell lines mimicked the effects of miR-203 reconstitution and miR-203 target gene knockdowns. Thus, we identify a novel curcumin-regulated miR-203 regulatory loop that underlies human bladder cancer development.
Materials and Methods

Cell culture
Nonmalignant human uroepithelial cell line (SV-HUC-1) and bladder cancer cell lines (T24, J82, and TCCSUP) were obtained from the American Type Culture Collection. Cell line SV-HUC-1 was cultured in F12K medium, T24 in McCoy's 5A medium, J82 and TCCSUP in Minimum essential medium (Eagle; MEM), each supplemented with 10% FBS (Atlanta biologicals) and 1% penicillin/streptomycin (UCSF cell culture facility). For TCCSUP, media was also supplemented with nonessential amino acids and 1 mmol/L sodium pyruvate. Cell lines were maintained in an incubator with a humidified atmosphere of 95% air and 5% CO 2 at 37 C.
Treatment of cell lines with epigenetic drugs
Curcumin (Indofine Chemicals) was dissolved in dimethyl sulfoxide (DMSO) and cells were treated with curcumin for 3 days. We initially tried different doses of curcumin (1-20 mmol/L) and chose the optimal one (10 mmol/L) for subsequent experiments. Higher doses (>10 mmol/L) showed cytotoxic effects. Control cells were treated with the vehicle control (DMSO). Alternatively, cells were treated with 5-Aza (5 mmol/L) for 3 days and Trichostatin A (TSA; 100 ng) treatment was carried out for 24 hours.
miRNA/siRNA transfections
Cells were plated in growth medium without antibiotics approximately 24 hours before transfections. Transient transfections of miRNA precursor (Ambion)/siRNA (Origene) was carried out by using Lipofectamine 2000 (Invitrogen) according to the manufacturers's protocol. miR-203 precursor (PM10152) or negative control (miR-CON; AM17110; Ambion) was used for assays. All miRNA/siRNA transfections were for 72 hours.
Tissue samples
Formalin-fixed, paraffin-embedded (FFPE) bladder cancer samples were obtained from the Veterans Affairs Medical Center (San Francisco). Informed consent was obtained from all patients. All slides were reviewed and microdissected by a board-certified pathologist for the identification of bladder cancer foci and adjacent normal epithelium.
RNA extraction and quantitative real-time PCR
Total RNA was extracted from microdissected FFPE tissues using an miRNeasy FFPE Kit (Qiagen) and an RNeasy mini kit (Qiagen) was used for RNA extraction from cultured cells. Mature miRNAs and other mRNAs were assayed using the TaqMan MicroRNA Assays and Gene Expression Assays, respectively, in accordance with the manufacturer's instructions (Applied Biosystems). Samples were normalized to RNU48 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH; Applied Biosystems), as indicated. The comparative C t (threshold cycle) method was used to calculate the relative changes in gene expression using the 7500 Fast Real Time PCR System.
DNA methylation analysis
Genomic DNA was extracted from human bladder cell lines using a Genomic DNA extraction kit (Qiagen). Bisulfite modification of genomic DNA (1 mg) was done using the Epi-Tect Bisulfite kit (Qiagen) following the manufacturer's directions. For methylation-specific PCR (MSP), specific oligonucleotides were synthesized to amplify methylated or unmethylated miR-203 promoter regions (Supplementary Figure 1C (top panel). The amplification products were confirmed by electrophoresis on agarose gel, cloned into the pCR2.1-Topo vector using a TOPO TA Cloning Kit (Invitrogen). Ten to 15 colonies were randomly chosen for culture, DNA was purified using PureLink Quick Plasmid Miniprep Kit (Invitrogen) and sequenced by an outside vendor (McLab).
Cell viability, clonability, migratory, and invasion assays Cell viability was determined at 24, 48, and 72 hours by using the CellTiter 96 AQueousOne Solution Cell Proliferation Assay Kit (Promega), according to the manufacturer's protocol.
For colony formation assay, cells were transfected with miR-CON/miR-203 precursor or mock transfected and 24 hours posttransfection, cells were trypsinized, counted, and seeded at low density (1,000 cells/plate) in culture media and allowed to grow for 1 week. The cells were then stained with crystal violet and colonies were counted. Cytoselect cell migration and invasion assay kit (Cell Biolabs, Inc.) was used for migration and invasion assays, according to the manufacturer's protocol as described in ref. 23 .
Flow cytometry
The cells were harvested, washed with cold PBS, and resuspended in the nuclear stain 4 0 ,6-diamidino-2-phenylindole for cell-cycle analysis. Cells were stained with 7-AAD and Annexin-V-FITC using ANNEXIN V-FITC/7-AAD KIT (Beckman Coulter) for apoptosis analysis according to the manufacturer's protocol. Stained cells were immediately analyzed by fluorescence activated cell sorting (FACS; Cell Lab Quanta SC; Beckman Coulter).
Statistics
All quantified data represent an average of at least triplicate samples or as indicated. Error bars represent SEM. Statistical significance was determined by the Student's t test, and 2-tailed P < 0.05 were considered significant.
Supplementary data
The Supplementary Data includes supplementary experimental procedures and supplementary figures.
Results
Curcumin is currently being developed as a natural epigenetic agent for prophylaxis and treatment of various cancers. To explore the potential epigenetic modulation of miRNA expression by curcumin in bladder cancer, we treated bladder cancer cell lines with 10 mmol/L curcumin or vehicle control (DMSO) for 72 hours followed by miRNA microarray analysis (data not shown). This analysis identified miR-203, miR-26b, and miR-1826 were significantly upregulated by curcumin treatment (Supplementary Table S1 ). We focused on miR-203 as miR-203 is a very well-studied miRNA that has been reported to be downregulated in various cancers (24, 25) . However, the functional significance of this miRNA in bladder cancer is not fully known. Hence, we explored the functional role of miR-203 in bladder cancer in this study.
miR-203 expression is epigenetically downregulated in bladder cancer
To evaluate the role of miR-203 in bladder cancer, miR-203 expression was assayed in human bladder cell lines, which included normal immortalized uroepithelial cell line (SV-HUC-1) and bladder carcinoma cell lines (T24, J82, and TCCSUP). It was consistently observed that relative miR-203 expression is specifically attenuated in all bladder cancer cell lines (Fig. 1A) . We extended our analysis to clinical malignancies by assessing miR-203 levels in microdissected bladder cancer tissues (n ¼ 18) and matched adjacent normal regions by real-time PCR (Fig. 1B) . Although the expression of miR-203 was unaltered in 1/18 cases ($5%) and higher in 6/18 cases ($33%), a major fraction of tissues (11/18, $61%) showed lower miR-203 levels (<75%) relative to matched normal tissues (Fig. 1B) . We further analyzed whether miR-203 is silenced by epigenetic mechanisms in bladder cancer because the upstream genomic region flanking the transcriptional start site (TSS) of miR-203 has a CpG island. MSP and bisulfite sequencing analysis of bisulfite-modified DNA from bladder cell lines showed that miR-203 is unmethylated in SV-HUC-1 cells and considerably methylated in T24, J82, and TCCSUP cell lines ( Fig. 1C and D) . This pattern of DNA methylation was consistent with the miR-203 expression patterns observed in these cell lines suggesting that miR-203 locus is epigenetically downregulated in bladder cancer.
Curcumin and 5-Aza augment miR-203 expression in bladder cancer
We approximately 2-fold in all the cell lines ( Fig. 2A and Supplementary Figure S2 ). Since promoter methylation can be reversed using specific epigenetic drugs like 5-Aza, we also treated T24 bladder cancer cell line with DNA demethylating agent, 5-Aza alone or in combination with HDAC inhibitor, TSA in addition to curcumin. Treatment was followed by miR-203 expression analysis and miR-203 promoter methylation analysis. As expected, 5 Aza-C augmented miR-203 expression and also significantly demethylated the miR-203 promoter ( Fig. 2A and B) . Curcumin in combination with 5-Aza led to further augmentation of miR-203 expression ( Fig. 2A) . Consistent with miR-203 expression data, methylation analysis showed that curcumin treatment leads to partial demethylation of the miR-203 promoter ( Fig. 2B and C) suggesting that curcumin causes epigenetic modulation of miR-203 expression.
Akt2 and Src are novel targets of miR-203 in bladder cancer
To identify potential targets of miR-203 in bladder cancer, we used 2 algorithms, miRANDA (26) and TargetScan (27) , that predict the mRNA targets of a miRNA. Among the putative targets of miR-203, several proteins with oncogenic activity including c-Jun, Src, Yes1, Fos, MYB, ETS1, Survivin were represented. To validate miR-203 targets in bladder cancer, T24 and J82 cell lines were transfected with miR-203 precursor or control miRNA precursor (miR-CON) resulting in miR-203 overexpression as determined by RT-PCR analysis (Fig. 3A) . We carried out Western blot analysis for the putative targets using the transfectants. Interestingly, we found that reintroduction of miR-203 led to reduced protein levels of Akt2, Src kinase, c-jun, and Survivin (Fig. 3B) . The serine/threonine kinase Akt2/PKBb is a member of the PI3K/Akt signaling pathway and Src is a nonreceptor tyrosine kinase belonging to the Src family of kinases (SFK). Survivin is a small inhibitor of apoptosis protein that is differentially expressed in cancer (28) and is also a miR-203 target in prostate cancer (23, 29) . The 3 0 -UTR of Akt2, Src, and Survivin mRNA have putative miR-203-binding sites (Fig. 3C) . Luciferase reporter assays with control, Akt2, Src, and Survivin 3 0 -UTR reporter constructs in miR-203/miR-CON expressing or mock transfected T24 Fig. 3C) showed that miR-203 represses theses targets directly. We subsequently focused on miR-203-mediated regulation of the Src-Akt axis in bladder cancer and examined the downstream signaling events of the Src-Akt axis upon miR-203 overexpression in bladder cancer by Western blot analysis of key signaling molecules (Fig. 3D) . Src is involved in multiple signaling pathways including PI3K/ Akt, b-catenin/c-Myc/cyclin D1 that induce growth, survival, and migration in various cancers (30) . It was observed that p-Akt and p-b-catenin were reduced upon miR-203 reintroduction (Fig. 3D) .
cells (
Restoration of miR-203 expression suppresses tumorigenicity in bladder cancer cells
Since both Akt2 and Src are known to be involved in cell growth, proliferation, survival, and motility of cancer cells (31, 32), we sought to determine whether miR-203-mediated downregulation of these kinases has effects on these attributes of tumorigenicity in bladder cancer cells. Following transient transfections of miR-203/miR-CON precursors in T24 and J82 cell lines, various functional assays were done (Fig. 4 and Supplementary Figure S4) . A significant decrease in cell viability was observed over time in T24/J82 cells expressing miR-203 (Fig. 4A, Supplementary  Figure S4A ) as compared with cells expressing miR-CON. miR-203-transfected cells also had low colony formation ability, reduced invasiveness and migration as compared with control cells (Fig. 4B and C, Supplementary Figure S4B and C). FACS analysis showed that reexpression of miR-203 leads to a significant increase in the number of cells in the G 0 -G 1 phase of the cell cycle compared with miR-CON suggesting that miR-203 causes a G 0 -G 1 arrest in miR-203 transfected cells (Fig. 4D, Supplementary Figure S4D) . Also, the apoptotic cell fractions (early apoptotic þ apoptotic) were significantly increased upon miR-203 reexpression compared with control cells with a concomitant decrease in the viable cell population (Fig. 4E , Supplementary Figure S4E ). These results indicate that suppression of Src/Akt by miR-203 inhibits bladder cancer cell proliferation, invasion, migration, and induces apoptosis.
Akt2 and Src inhibition by siRNA mimics miR-203 reconstitution in T24 bladder cancer cells
Next we sought to determine whether miR-203 mediates its antitumorigenic effects primarily through Src/Akt2 in bladder cancer. To address this, we conducted phenocopy experiments where we treated T24 cells with Akt2 and Src siRNA followed by functional assays. We initially tested 3 sets of siRNA against both the genes to achieve efficient knockdown as assessed by RT-PCR and immunoblot analysis (Fig. 5A) . si2 against both genes produced the most efficient knockdown and was used in subsequent experiments. These results show that siRNA inhibition of Akt2 and Src led to decreased cellular viability, migration, and invasion of T24 cells (Fig. 5B-D) . Apoptosis assay showed that apoptotic cell fractions (early apoptotic þ apoptotic) were significantly increased upon Akt2 and Src knockdown compared with control siRNA-treated cells similar to that observed upon miR-203 reintroduction in T24 cells (Fig. 5E) . These results suggest that inhibition of Akt2 and Src by miR-203 reintroduction is responsible for its antitumorigenic effects observed in bladder cancer.
Curcumin treatment mimics the effect of miR-203 reconstitution and Akt2/Src knockdown
In view of our present evidence that curcumin promotes hypomethylation of miR-203 promoter leading to augmentation of its expression, we asked whether curcumin treatment mimics the effect of miR-203 reconstitution and also the effects of knockdown of miR-203 target genes. To examine this, we treated the T24 cell line with curcumin followed by cell viability, migration, invasion, and apoptosis assays (Fig. 6) . Curcumin treatment led to a significant decrease in cellular viability (Fig. 6A) . Transwell assays showed that curcumin also impaired the migratory and invasive capabilities of bladder cancer cells (Fig. 6B) . Flow cytometry analysis of Annexin V-FITC-7-AAD stained cells showed that compared with vehicle-treated control cells, curcumin caused a significant increase in apoptosis in T24 bladder cancer cells (Fig. 6C) . These in vitro effects were similar to the effects seen upon miR-203 reexpression and Akt2/Src gene knockdown validating the curcumin-mediated regulation of the tumor suppressive functions of miR-203. To further consolidate these findings, we also determined the expression levels of miR-203 target genes Akt2/ Src after curcumin treatment (Fig. 6D) . It was observed that curcumin downregulated the expression of these 2 genes as assessed by Western blot analysis. These results indicate that the effects of curcumin were due to induction of miR-203 expression.
Discussion
In this report, we define for the first time, that curcumin directly induces a tumor-suppressive miRNA, miR-203, in bladder cancer cells. Our study suggests that curcumin leads to hypomethylation of the miR-203 promoter and subsequent upregulation of miR-203. miR-203 upregulation in turn, leads to downregulation of miR-203 target genes Akt2 and Src that culminates in decreased proliferation and increased apoptosis of bladder cancer cells. Thus, we have identified a miRNA-mediated regulatory loop that potentially underlies the prophylactic effects of curcumin in bladder cancer.
Over the last 2 decades, accumulating evidence has indicated that curcumin is a potent anticancer agent that has chemopreventive and chemotherapeutic potential. However, its precise mode of action is not completely understood, hindering its incorporation into the mainstream of clinical treatment regimens. It has been proposed that regulation of miRNAs by curcumin may underlie its chemopreventive and chemotherapeutic effects (33) . A recent study showed that curcumin alters miRNA expression in human pancreatic cells, upregulating miR-22, and downregulating miR-199a* (34) . Another study showed upregulation of miR-15a and miR-16 expression 
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Total cellls Total cellls Total cellls in curcumin-treated MCF-7 breast cancer cells (35) . However, there are very few reports on curcumin-mediated regulation of miRNA expression and this area is largely unexplored. Our present study was focused on identifying curcumin-regulated miRNAs in bladder cancer. Toward this, we conducted miRNA microarray after curcumin treatment of bladder cancer cell lines and identified miR-203 as a curcumin-regulated miRNA. miRNAs represent potential disease biomarkers and novel therapeutic targets. In bladder cancer, several largescale profiling studies describe altered expression of miRNAs (36) that varies with tumor type and molecular pathways (37) . However, to extrapolate these findings to translational applications, single-miRNA focused studies in bladder cancer are needed to explore the molecular interactions of important miRNAs with their cognate targets. Here, we investigated the functional significance of miR-203 in bladder cancer and identified novel targets for this miRNA. miR-203 was found to be downregulated in bladder cancer cell lines and in a significant proportion (61%) of clinical tissues. However, miR-203 expression was higher in 6/18 tissue samples that we analyzed indicating that additional studies with more clinical samples are warranted to assess its prognostic significance.
We further showed that the miR-203 promoter is hypermethylated in bladder cancer cell lines. miR-203 has been reported to be epigenetically silenced in hematopoetic malignancies, hepatocellular carcinomas and oral cancers (24, 25, 38) . However, this is the first report that shows epigenetic inactivation of this important miRNA in bladder cancer. Interestingly, we found that curcumin treatment leads to partial demethylation of the miR-203 promoter 
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Total cells Total cells ( Fig. 2B and C) suggesting that curcumin causes epigenetic modulation of miR-203 expression. These effects of curcumin on miR-203 expression and methylation were similar to those of the DNA demethylating agent, 5-aza. The toxicity associated with the use of epigenetic drugs like 5-Aza warrants investigations for safer, natural, nontoxic epigenetic agents. Curcumin is one such epigenetic agent (14) . It has been reported that curcumin inhibits DNMT1 and induces global genomic DNA hypomethylation (17) . Our results lend support to the hypothesis that epigenetic modulation of miRNA expression by curcumin may be an important mechanism underlying its biological effects (14, 18) . We also show that miR-203 has tumor suppressive effects in bladder cancer cells as miR-203 reconstitution resulted in decreased cellular viability, G 0 -G 1 arrest and induction of apoptosis. Infact, the antiproliferative function of this miRNA was indicated several years ago (29) . An obstacle to understanding miR203 function in cellular proliferation and apoptosis is the lack of experimentally validated targets. p63 is a well-known target for miR-203 (39, 40) . Other targets are still being defined (24, (23) . We identified Akt2, Src, c-jun, survivin as miR-203 targets in bladder cancer. miR-203-mediated regulation of survivin is a highly significant finding as this nodal protein orchestrates extensive, tumor-specific signaling networks and is an attractive drug target (41) . However, in our present study, we focused on Akt2 and Src kinase as mediators of the role of miR-203 in bladder cancer cell proliferation and survival. The serine/ threonine kinase Akt2/PKBb is a core member of the phophatidylinositol 3-kinase (PI3K)/Akt signaling pathway that play key roles in fundamental cellular processes including proliferation, survival, migration, and differentiation. Akt is activated by phospholipid binding and activation loop phosphorylation at Thr308 by PDK1 (4) and by phosphorylation within the carboxy terminus at Ser473. Akt functions as a cardinal nodal point for transducing extracellular (growth factors including insulin, IGF-1, EGF) and intracellular (such as mutated/activated receptor tyrosine kinases, PTEN, Ras, and Src) signals. Akt2 is frequently amplified and overexpressed in human cancers (42, 43) . In our present study, siRNA-mediated inhibition of Akt2 led to decreased viability, migration, and invasion of T24 bladder cancer cells along with induction of apoptosis.
Src, a prototypical member of SFK, also regulates key cellular processes including proliferation, survival, adhesion, and motility (31, 32) . Src can channel phosphorylation signals through PI3K/Akt, pathways, and Ras/Raf/ extracellular signal-regulated kinase 1/2 (Erk1/2). Elevated Src kinase activity has been reported in a wide range of human tumors with Src activity increasing with the disease progression (44, 45) . In bladder cancer, Src activity and expression has been reported to be elevated in low grade bladder lesions (46) though there are conflicting reports on the role of Src in progression and metastasis of bladder cancer (47, 48) . In this study, we inhibited Src expression in T24 cells and found increased apoptosis concomitant with decreased proliferation pointing to growth promoting activities of Src. Also, the effects of miR-203 overexpression on Src downregulation was coupled with downregulation of key signaling molecules of the Src-Akt axis including p-Akt and p-b-catenin. Overall, our results suggest that depletion of Akt2 and Src tends to phenocopy the effects of miR-203 reconstitution in bladder cancer. This lends support to our hypothesis that miR-203 primarily mediates its effects on cellular proliferation and survival through these targets in bladder cancer. Both Akt and Src represent potential targets for cancer therapy and there is currently much interest in developing agents to target these proteins (42, 49) . Most importantly, in this study, curcumin treatment led to decreased expression of these oncogenic miR-203 targets concomitant with reduced proliferation and increased apoptosis of bladder cancer cells. Interestingly, the effects of curcumin were similar to the effects of Akt2/ Src knockdown.
In conclusion, our study suggests that curcumin has the potential to be developed as an epigenetic agent for bladder cancer as it upregulates tumor suppressor miR-203 in bladder cancer by promoting DNA hypomethylation of the miR-203 promoter that in turn, leads to downregulation of its target oncogenes Akt2/Src and induction of apoptosis, inhibition of cellular proliferation, migration, and invasion. To our knowledge this is the first report that defines the epigenetic effects brought about by curcumin on a miRNA promoter and its direct biological consequences. In view of our present results and the relative nontoxicity associated with the use of curcumin, we suggest that curcumin may offer an important therapeutic advantage in the clinical management of refractory bladder cancer over other standard treatments.
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